ABSTRACT Small unilamellar vesicles containing purified and reconstituted nicotinic acetylcholine receptors from Torpedo electroplax have been fused by a simple freeze-thaw procedure to form large liposomes. Giga-seal patch-recording techniques were used to form isolated patches of liposome-membrane and to measure single-channel properties of the reconstituted receptor-ion channel complex. The observed properties are quantitatively similar to those reported for vertebrate muscle nicotinic acetylcholine receptor species recorded in situ. The results demonstrate that the pentameric complex consisting of the q218ft subunits is fully functional. The methods used in these experiments should be useful in studying the effects of chemical alterations on the properties of acetylcholine receptor channels as well as other types of purified and reconstituted ion channels.
single-channel properties of the reconstituted receptor-ion channel complex. The observed properties are quantitatively similar to those reported for vertebrate muscle nicotinic acetylcholine receptor species recorded in situ. The results demonstrate that the pentameric complex consisting of the q218ft subunits is fully functional. The methods used in these experiments should be useful in studying the effects of chemical alterations on the properties of acetylcholine receptor channels as well as other types of purified and reconstituted ion channels.
The nicotinic acetylcholine receptor from Torpedo electroplax is a chemically gated ion channel consisting of a pentameric complex of the five subunits a2fy8S (for reviews, see refs. 1 and 2). It is reproducibly purified and, when reconstituted into small liposomes or planar lipid bilayers, it exhibits the basic agonistinduced cation transport properties anticipated from electrophysiological measurements in vivo (3) (4) (5) (6) (7) (8) (9) (10) . By applying recently developed methods (11, 12) for patch-recording from large liposomes containing reconstituted ion channels, we have now measured, with high resolution, single-channel properties of the purified and reconstituted Torpedo acetylcholine receptor. We report here that this pentameric complex showed an agonist-independent main conductance level, a subconductance state, saturation of the single-channel conductance at high Na+ concentration, slow inactivation and burst-kinetics at desensitizing concentrations of agonists, and open channel lifetime distributions that are not described by single exponentials. The similarity of these properties with those reported for other vertebrate acetylcholine receptor species recorded in situ provides further evidence that the purified receptor is fully functional and that the well-characterized biochemical properties associated with this isolated receptor complex may apply to a wide class of nicotinic receptor ion channels.
MATERIALS AND METHODS
Preparation of Liposomes Containing Reconstituted Acetylcholine Receptor. Acetylcholine receptor was isolated, purified, and reconstituted as described (4) . Briefly, postsynaptic membranes rich in acetylcholine receptor were prepared from freshly dissected electric organ of Torpedo Californica. The receptor was then purified from a Na cholate extract of the postsynaptic membranes by affinity chromatography on a choline carboxymethyl affinity gel as described by Huganir and Racker (4) , except that the loaded column was washed with 20 column. vol of "wash buffer" before elution. The purified and solubilized receptor was incorporated into asolectin (Associated Concentrates, Woodside, NY) small unilamellar vesicles by the detergent dialysis technique. The lipid-to-protein ratio was 100:1 to 50:1 by weight. Aliquots (50-100 td) of reconstituted vesicles suspended at 25 mg of lipid per ml in 100 mM NaCl/50 mM KCI/0.1 mM EDTA/0.1 mM EGTA/10 mM NaPi, pH 8. 0, were frozen rapidly and stored in liquid nitrogen. A frozen sample was thawed on ice before an experiment, and the large liposomes produced by this "freeze-thaw" procedure were diluted (>2,000 fold) into a salt solution used for single channel recording. Except as noted in the text, this salt solution consisted of 150 mM NaCl/1 mM CaCl2/1 mM MgCl2/10 mM Hepes, pH 7.2 (buffer A).
Patch-Recording from Freeze-Thaw Liposomes. Singlechannel currents of channels reconstituted into freeze-thaw liposomes were recorded by using patch-clamp techniques (13) as described (12) . Briefly, a liposome was observed with a phasecontrast microscope (X400 magnification) and a giga-seal was formed on an exposed surface bilayer region by using a Sylgardcoated fire-polished patch pipette (TW150-6 borosilicate glass; W-P Instruments, Waltham, MA). The interior of the pipette always contained the same salt solution used to bathe the liposomes but was supplemented with a low concentration of nicotinic agonist. When this salt solution was buffer A, pre-seal electrode resistances were <10 MfQ and giga-seals typically showed resistances of 50 GQ or more. After sealing, withdrawal of the pipette from the liposome surface and, if necessary, brief passage of the tip through the air/water. interface resulted in an inside-out patch of liposome-derived bilayer spanning the orifice of the pipette. The isolated bilayer separated symmetrical salt solutions, and patches were stable for several hours. A patch-clamp system similar to that described by Hamill et RESULTS AND DISCUSSION Nicotinic Agonist-Induced Single-Channel Currents. Rapid freezing of a suspension of asolectin small unilamellar vesicles containing reconstituted acetylcholine receptor, by immersion in liquid nitrogen and subsequent thawing, resulted in the formation of large (>10 ,um in diameter) multilamellar liposomes. In previous reports (11, 12) it has been shown that giga-seal patchrecording techniques (13) can be applied to these freeze-thaw
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. liposomes. Inside-out isolated patches (13, 14) of liposome-derived lipid bilayer, analogous to cell-membrane-derived isolated patches, can be formed, allowing single-channel currents to be recorded through reconstituted ion channels.
Using these methods, a low concentration of a nicotinic agonist in the pipette reproducibly induced discrete unit conductance changes ( Fig. 1 (16) (17) (18) .
When the pipette interior was held at -100 mV and a low concentration of agonist was added to the bath, a channel opening event was only rarely observed. Previous experiments with isolated patches from freeze-thaw liposomes (11) have indicated that only a single bilayer spans the tip of the pipette.. Therefore, it is unlikely that restricted access to the bilayer surface is -responsible for this ineffectiveness of bath-applied agonist to induce channel opening events. Acetylcholine receptor reconstituted by detergent dialysis techniques into small unilamellar vesicles has a primarily unidirectional orientation (4) . If this preference is conserved during the freeze-thaw step (as would be expected from simple fusion of small vesicles), then the agonist binding site would be expected to be on the pipette side of the "inside-out" isolated patch, consistent with our observations.
Ion Concentration and Temperature Affect the SingleChannel Conductance. To further characterize the permeation properties of single Torpedo acetylcholine receptor channels, we determined the dependence of the single-channel currents upon the. concentration of NaCl in the recording salt solution. Freeze-thaw liposomes were diluted into a series of different salt solutions consisting of 1 mM CaCl2/1 mM Mg9l2/10 mM Hepes, pH 7.2, and either 0. 1, 0.15, 0.25, 0.3, or 0;5 M NaCI. The pipette always contained the same salt solution as the bath but was supplemented with 1 ,4M acetylcholine to activate single-channel currents. These currents were recorded with a pipette holding potential of + 100 mV and mean channel amplitudes (± SEM) were determined from 30-50 opening events. As shown in Fig. 2 , the size of the single-channel currents at + 100 mV increased with the Na+ activity ([Na+]) of the recording salt solution. However, this increase was not linear. At a Na' concentration of 79 mM (0.1 M NaCI), the single-channel current at + 100-mV holding potential was 3.4 pA. At greater than four times this activity (341 mM Na+ concentration, corresponding to 0.5 M NaCl), the single-channel current was slightly less than twice as large (6.5 pA), indicating saturation of the channel conductance.
Horn and Patlak (14) have observed that for acetylcholine receptors present on cultured rat "myoballs," there is an apparent saturation of the single-channel conductance with increasing concentration of the permeant cation. In their study, the dependence of the single-channel current on [Nal] was ac- Na' activity (mM) (19) . Our measured dependence of reconstituted Torpedo acetylcholine receptor single-channel currents upon Na+ activity was consistent with the same kinetic model (Fig. 2) . The least-squares best-fit curve was characterized by Ima,, = 9.1 pA and Kd = 129 mM [Na+] (corresponding to 180 mM NaCl), in good agreement with the data on cultured rat myoballs. Hence, this permeation property of nicotinic acetylcholine receptor channels is similar in two distantly related vertebrate species and is conserved during the purification and reconstitution procedures used in the present study.
The temperature dependence of the single-channel conductance in buffer A was measured by recording single-channel currents activated by 1 AM acetylcholine with the bath temperature held constant at 22"C, 140C, and 90C. The pipette holding potential was + 100 mV and mean single-channel currents (±SEM) were calculated by averaging 30-50 opening events. The amplitude of single-channel current decreased monotonically with decreasing temperature. An Arrhenius -plot of the data is shown in Fig. 3 . The solid line represents a linear least-squares fit to the data and corresponds to an apparent entropy of activation of 9.1 kcal mold.
Desensitization and Burst-Kinetics. Evenat low agonist concentrations, our initial attempts at recording single reconstituted Torpedo acetylcholine receptor channels (11) were hampered by the transience of the period during which opening events were observed. However, further work showed that many channel openings could be recorded if patch isolation, application of the pipette holding potential, and data acquisition occur-quickly after sealing of the agonist-containing pipette to the liposome surface. Nevertheless, the frequency of channel opening always decayed eventually to an extremely low equilibrium level. An example of-this time dependence in a patch is shown in Fig. 4 a-c. In this experiment, the isolated patch separated symmetrical buffer A salt solutions and 1 MuM acetylcholine was present in the pipette. The arrow in Fig. 4a indicates the time at which the holding potential of the pipette was changed from a continuous train of small (200 uV pulses used to test for giga-seal formation (note that, to the left of the arrow, only a pair of capacitative transients were induced by this voltage pulse, indicating a Gfl seal) to the pipette holding potential of + 150 mV, which then remained on for the rest of the recording. This change, which allowed immediate observation of channel opening events, occurred 14 s after the pipette touched the liposome surface and -first exposed the acetylcholine receptors in the isolated patch to agonist. Note the initial high rate of single-channel opening in Fig. 4a , which resulted in several instances of transitions in the current record to a level corresponding to two simultaneously open channels. The segments in Fig. 4 b and c began 2.5 and 5 min after initial giga-seal formation; there was a slow decay in channel opening events to an extremely low equilibrium level.
By counting the number of opening events per unit time at different intervals after the establishment of the giga-seal, we could quantitate this decay. As shown in Fig. 5 , it was consistent with an exponential decay in the frequency of opening events; with 1 MuM acetylcholine and a holding potential of + 150 mV, the single time constant of the decay was 92 s. At higher concentrations of acetylcholine there was a more rapid rate of inactivation, and opening events that were observed occurred in infrequent bursts. One such burst in the presence of 10 JIM acetylcholine is shown in Fig. 4d ; long quiet periods were interrupted by brief periods (0.1-1 s) of rapid opening and closing events.
We attribute the slow decay and the burst-kinetics to different steps in the inactivation (desensitization) of the receptor. Fig. 4 a-c. The number of channel opening events in successive 50-s intervals after the application of the pipette holding potential was determined and plotted against the mid-time of these intervals, measured relative to the time of giga-seal formation. Least-squares linear regression was usedto-calculate the best-fit straight line through a semilogarithmic plot of the same data. This fitted exponential is shown as the dashed curve. The time constant of decay was 92 s.
Single-channel burst-kinetics are observed with frog perisynaptic (20) and rat "myoball" (16) turn from a desensitized to an active state. Also, bursts occur in clusters in these preparations suggesting that there are at least two distinguishable kinetic processes in desensitization (16) . We have also observed that bursts of the purified and reconstituted acetylcholine receptor can occur in clusters (not shown).
Two inactivation rates have also been observed by using rapidmixing techniques to measure radiolabeled cation flux in native membrane vesicles from Torpedo (21) 20 AM carbamoylcholine (buffer A salt solution) with a holding potential of + 100 mV is shown in Fig.   FIG. 6 . Open-channel lifetime distribution of Torpedo acetylcholine receptors in a single patch.
The patch separated symmetrical buffer A salt solutions and 20 ttM carbamoylcholine was present in the pipette. The holding potential was +100 mV and channels were recorded onan FM tape at 5-kHz bandwidth. Data recording started '10 s after sealing of the pipette to the liposome surface (an isolated patch was producedin this interim period) and 250 events were observed in the subsequent 5-min period. The tape record was subsequently replayed at decreased speed and open-channel lifetimes were obtained by direct measurementon a storage oscilloscope of all opening events. For each opening the time between the point at which the channel opened above one-fourth of the full open channel amplitude and the point at which it dropped below this level were recorded. These times were subsequently corrected to correspond to the lifetime of idealized full-amplitude current pulses that would give the same one-fourth amplitude duration when injected into the patch-clamp headstage amplifier (24) (24) and for acetylcholine receptors on several species of cultured muscle cells (25, 26) . Two exponentials could result from two different open molecular states of a single population of acetylcholine receptors with indistinguishable conductance, from two populations of acetylcholine receptors with the same conductance, or from more complicated kinetic schemes. Although a study of the correlation between fast and slow opening events has ruled out several kinetic models (26) , further analysis is needed to provide an unambiguous association with one of the remaining models.
CONCLUSIONS
Using methods for patch-recording from ion channels reconstituted into large liposomes, we have shown that the purified and reconstituted Torpedo acetylcholine receptor, the most biochemically characterized chemically gated ion channel, shares single-channel permeation and gating properties with acetylcholine receptors recorded in situ from vertebrate muscle preparations. The results demonstrate unambiguously that the purified receptor complex, consisting of five subunits with a stoichiometry of a2f3y5, contains all of the necessary components for complete function. The biochemical characterization of vertebrate muscle receptors is far less complete than for the Torpedo acetylcholine receptor, but interesting similarities in subunit stoichiometry and sequence homology have recently been reported (27) . The similarity in channel properties further suggests that biochemical information accumulated for the Torpedo receptor may apply to the general class of vertebrate muscle nicotinic acetylcholine receptors.
Our experimental methods should be of general use in the attempt to correlate ion channel structure with transport properties. In particular, the ability to chemically modify a protein complex under controlled conditions before reconstitution should allow study of the regulation of channel properties by covalent protein modification. For example, the Torpedo acetylcholine receptor is phosphorylated by a cAMP-dependent protein kinase (28) , and the state of phosphorylation of the receptor appears to change during development from neonatal to adult (29) . It will be interesting to see if changes in the state of phosphorylation of the purified and reconstituted channel correlate with changes in single-channel properties that have been observed during synaptogenesis at vertebrate neuromuscular junctions (see refs. in ref. 30 ). The basic properties of the adult unmodified Torpedo acetylcholine receptor that we have presented here provide a starting point for that investigation.
